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[ ABSTRACT :

Summary rzsults of U, S. Navy Underwater S“:}und* Laboratory experi-
g' mental program to investigate acoustic phenomena:in the-Arctic Ocean are

presented.

Since the sound velocity is an intreasing furiction of depth; propaga~
tion:is characterized by upward refraction:and surface reflection (RSR).
A rough-surface model.of‘the ice cover accounts«{or both forward and:
g ‘back-scatter. The roughness-wavelength spectrum -calculatéd from re~
verberation measurem,énj:s is similar to that for the sea surface, .although
q the level is much higher. Forward scatter loss depends ontotal rough=-
| nesé and is. responsiblé for severe atteriuation of high frequencies. Propa-
ia gation and reverberation data both imiply an R, M. S. roughness of from

two to three meters, which is consisterit with under<ice profile measure-.

ments. Bropagation of -explosiverwavesiis described by normal mode and

ray theoriés: At short ranges-convergence zones are observed. Because

,
rereasy
+ =3

the ice cover shows a'critical angle'":dépendence, the~tfmeinépgrsicxx',f{;f
the wave train-at long range in déeep watér is-quite well.defiried.( = %)
. ;T In shallow water, the’bottom may prodice bottom reflection modes, » xe-

duced dispersion of the refractéd mode..

oy -
-

Unusually low ambient noise. levels.are obsérved during undistirbed

‘periods: -Specira indicate that the noisé background arisés mainly via

lorg range propagation at thesex»'time;s; In-periods.of high “winduand. partic

H

cularly rapid temperature change, characteristic ice neisés aie predomis '

nantly.of local origin. Occasionally during the summsz biological adunds

P ppet

.of various forms-of mariné lifevaré heard..
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1, INTRODUCTION
1.1 ‘Brief History

In the summer of 1958, the Underwater Sound Laboratory ( USL)

began ah-expérimental study of underwater sound propagation in the Arctic

QOcean?' Signals from underwater explosives were .exchanged between two

drift stations, Fletcher'slce Island (T 3) and Station Alpha, which at that
‘time were some 800-km.apart. These early experiments revéaled some
of:the unique féatures of long range propagation under the ice cover. Nota=-

bly, -the arfrivals were .found to-consist of a dispersive quasgi-sinusoidal

‘wave train. 6f 10-100:Hz, frequency range. The dispereion and transmis=

sion loss were qualitativély explained by a half spacé -sound channel model
in which the attenuation.of high.frequencies was ascribed to scattering by

the rough undersurface of the ice.

‘ljuiting the siimmer of 19 59, ithe experimental program was continued
between T 3 and Station Charlie at a: range of about 1200 km, ? In-order to
-study propagdation as a function of range, & series of aircraft flights were
made in-which practice depth charges:( PDC) were dropped:at intervals.

‘The locaticns of the stations and aircraft drops are shown in Figure 1. Sig-.
nals were recorded at botl stations to provide data for a varjety :of propa-
Sep}:emb,e;r,; #hé visit of the.icebreaker Staten Island’ provided-the gpportu~
nity‘to obtain data at intermediate ranges which was difficult.to.obtain-with
fa‘sgari)ox"nir’ig {,aiijér\afft; Other local measuréments. were made in:the wicinity.

of T 3 out'ts a fange of 10.km,

During April and"May of 1962, a-codperative experiment by .USL,

Lamont Geophysical L‘abgratory' and the f%.cifié Naval.lsaboratory was
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carried out between three drift stations: T 3, Arlis II and Polar Pack I
at locations shown in Figure 1. The main purpose of this series was to

obtain supplementary- cold weather data prior to the summer warmup.

Some aspects of the program have been previously repcrted in two
jpapers, one on propagat:ion3 and another on reverberation! This report
is a.summary of the USL experimental and theoretical reésuits pertaining
to propagation, reverberation and ambient noise, Published resgults of

other .investigators are also included for comparison.

1.2 Propagation

In the Arctic Ocean, the speed of 'sound is-usually an increasing
furiction dicdepth. The propagation of a transient signal can‘be discribed
by rays which-are refracted upward and suffer repeatéd reflecticn at the
surface (RSR). Nt long rangé thé'deepest rays arrive.first. This earli-
est:arrival may lie limited by the bottom, or by a "critical angli'"! of're-
flection at the. i¢€ ‘surface.. As-time.progressges, rays arrive with de-
creasing vertex depth-and with:increasing rate until the train terminates

with rays-traveling near the surface,

If: the first rays aw.ref'-io’ottgm limited; ‘the gigngi -onsef. i‘s«»gov,e‘i‘:x}gd by
the bottom, grazing ray., For greatér grazing-angles, the rays-are feflec~
ted-at-the bottom. a,r‘:gi;tvlie, group-velocity’is lese. Thus bottom reflection
modes appear ae a sequence.of discrete.arrivals, with:the: spacing foverned
‘by. .grazing-angle and water depth. These overli ).the réfracted.modes, and
often persist.for a.ibhger, time. When. the gunfacpgg'raz.i\‘ng[ angle is greater

than the"'criticil.angle! however; the bottom modes are rapidly attenuated.
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At long range, the normal mode theory also providés a:-simple des~
cription of the refracted wave dispersion (Sec. 2.5). Because of the

losses produced by repeated scattering at the surface, ordinarily no-more

than-two or three modal harmonics are observed.

At chort range,, however, the normal mode calculations are more

‘complex because the arrivals are less uniformly dispersed. Since the

scattering loss is also:much less, a greater number of harmonics and-a
wider range of frequencies are received. Convergence phenomena may
also occur which produce concentrations of energy periodic in range.
Thus wé may-have one or more group velocity minima in normal mode
theory corresponding in ray theoiy to inflections at particular :surface

grazing angles,

In-the simplified theoretical method for estimating transmissinn.
loss, we consider only the effects of refraction and scatie;i‘ng‘(Séc. 2.'6) .
Since the predominant energy at moderately i{bng ‘ranges arrives near ter~
mination .of thé signal, spreading loss i$ approximated for the. prevailing
half~channel conditions, while the scattering loss is taken as the loss per
reflection {Marsh) times-the humber of reflections. For the scattering
-model, we use the wind~driven séa surface model, with tHe R, M. S. rough~

ness.adjusted to fit the experimental data.

i: 3: 'Reverberation

“

The validity ¢7the scattering model is.confirmed by the roughness-
wave number spectrum:cdlculated from measuremicnts of backscatter ,(‘f_g.-
verberation) from an explosive source {Sec. 3. 2} Thé scattering ostrength
depends ‘on waveléngth ’ané angle -of incidence, sd-that the roughness~Qayq~

length spectrum. levels are calculated. from-thé reverberation frequency

3

~
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spectrum. Theé procedure is to determine the scattering strength as a
‘function of time and frequency. The surface grazing angle (for single
incidence) is thern calculated, considering shot depth and refraction ef=
fects. The incident sound waveleng.i and grazing angle-thén.determine
‘the corresponding wavelength of the siirface ;L'ohghness spectrum. The
roughness amplitude is finally calculated.-from the scattering strength:

for the appropriate ~wa’v§1§ngth.
1.4 Noise

A summary of ambient.noise measurements is presented in.Sec. 4. 2.
In undisturbed periods, the noise background ix; the. Arctic Oceah is. often
below-sea state zero-équivalent. Under these conditions, measurements
with thé DT 99 were system-noise iimited. For this reason a special low
noise system was developed for ambient observation, which permitted
‘heasurement to ;s_gme~*40;'dB bélow the Knudsen sea state zero spectrum.
For slightl&i disturbed conditions, ‘the. spectra are -gimilar. to-Khudsents.
:Durifig' prolonged quiét periods, howevér, the high frequencies drdp off
markedly, leavihg a noticeable peak in the "“pass band" of the soupd «chane=

nel. This is interpreted.as noise propagated from distant.sources. Coma

parison is alsormade between acoustic and geismic arnbient -noise'measure=

ménts.

Other interesting features, of ambient noise unique.to the Arctic in~
ciude thermal "popping!' and’ explosive ccracking after a rapid drop in &ir
temperature. Blowing snow noise during wintér storms may also regch

very high levels (sea state 3 or more)., Generally, however) the sumer

calms are characterized by very quiet conditions. .Atthese times, sounds

of.a great-variety of rharine life are oécasionally-heard. Thé sources of
thesé whistles, glides, chifps, grunts, etc,, have not beén identified, but

probably include cetaceans,, seais; -walrus, etc,

4.
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z. AARCTIC PROPAGATION

2.1 Experimental Proceduré

In the propagation. experiments between the-drift stations, shooting
schedules were prearranged or coordinated directly by radic communi-
cation, Electrical detonation was used, and. both firing and arrival times
| A were measured by ‘chronometer-to.-an-accuracy of t,O. 5 .sec, Since the
stations W‘érg«rcontinuously'drifting in an-unpredictable manner, it was
P} impossible te.determine the range between stations'to equal.accuracy.

Sun positions were taKencby theodolite whenever- sky conditions. permitted,

¥)§ but:the average error was no less than a few kilometers. Dadily drifts on

the order of a magnitude greater complicated the navigation problem,

In the aircraft ruhs, practice depth charges.(PDC) were dropped.at

intervals along a predetermined track whenever: suitable openings in the

[o—;

ice cover could-be sighted, Thé PDC's were set to explode at a depth of

15-of ‘60 ‘meters* and the detonation-titne was taken as the time of impact

s

plus the estimated sinking time. Aircraft-drop positions wereé-determined
; i by :sun:shots and deai. reckoning, and are considerably less accurate-than
‘ the positions-of:the.islands,
i
Vi
At the drift stations, the shot signals were detected by means of hy-
{ t ; drophones lowered thyough/holes drilled in the sea ice. Since the ice
islands are as much as 30-40 meters thick, a minimum depth for the hy=
' L% . drophones of 60 meters was chosen to prevent possible shadowing, Some
. -4 The depth settings of the PDC pressure actuators.are actually 30 and 200

feet. For consistency, all fength measurements wili be éxpressed in the
metric system.

~
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measurements were made with the phones as deep as 180 meters. How-

ever, the greater depths were found to be of marginal interest since the

.simpler procedure of varying shot depth showed most of the essential-fea-

fures.

In-all-the earlier experiments, a standard PQM (DT 99 )hydrophone
was used. The disadvantages of thia hy?rophone were that the multi~
conductor cable.was somewvhat unwieldy and the ‘associated preamplifier
was subject to saturation by'strong signals. The overall frequency re-
sponse was 10-10,:000 Hz., For later tests, a new system was developed
using a hilaminar-disc hydrophone. Because-of-their high: capacitance
(0.1pF), these units could efficiently drive several hundred feet of light~
weight shielded cable directly without a preamplifier. The system noise
was miuch lower thai it was using the DT 99; however, high frequency re-
sponse was sacrificed since resonance occurred it 2'kHz, Another disad~.
vantage was that the hydrophone -could. not withstand more -than 100 metérs

.sybmergence without mechanical fajlure,

The signals from the hydrophone were recorded by means of a graphic

recorder. with .frequency response to 100 Hz, 'Ma'gnetic tape recordings

‘(FM and/or ditéct) were also'made with full system. frequency response for

later analysis. Calibrationsof the system was accomplished by injecting
’sinusoidal signals of known voltage at sele¢ted.frequencies, A single master
-gain control provided adjustment of the system gain for cdlibration, signal

and ambient roige recording;

During-the earlier tests, it-was found that the éxplcsions often de-
livered varying yields, as result of incomplete detonation. To circumvent
this difficulty, a procedure-was eg_t:a.blishegl to record the. shot at the trans-

tnitting: site whenspossible. The effective yield was determined {rnm the

Emii
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. ‘bubble puls.e period and depth. The record-in Figure 2 is a pressure vs

| time signature for a typical shot.at 1 km showing the shockwave and bubble
| pulsés (positive pressure), and surface reflections (negativé pressure).

| If the systemifvere overloaded or cluttered with interfgring,arriféils, ‘the

: bubble pulse period could: be obtained {rom the periodic envelope modula~
A tion.of the spectrum, The two "specitra. shown in Figures-3a, b, which are

3 shot signaturés at I km and 50 km range respectively, show this clearly.

S 2 2 Data Analysis

Gt e e dm e a o

1 Analysis of the data is of three gene;‘al types. First, graphic res
cordings made on the. sp’ét furnished-diréct pressure amplitude vs time
L :i traces. These show qualitatively the effects. of shot size and depth, as
é - '@'ei.i as the quasi-sindscidal and interference features of the propagation.
g ’: The tifpes»bf onset.and termination also provide measures of time~disper~
% h sion and travel time. .
]
3w ) ]
‘ % . Secondly, the magnetic tape recordings were anaiyzed by means of
| i a Kay Missilyzer Spectruih- Anzlyzer to-provide the frequéncy spectrum
§ : 'fr\s? time. These. graphs are aseful in analyzing the frequency~tinme depen- :
é i dence 6f the normal modes and harmonic relations between'them as.well ;
i . as the ifitérference effect.of the bubbie pulse:

Finally, the magnetic tapes were used to -maké continuous loop re~

Lips s

cordings of:the shot signals; ‘which were scanned by mieans of a variable

frequency, -n_a;;:;)W"band filter. A typical result of this technique is shown

in, Figure 4. Together with the calibration tapes, this permits-calculation

F———

of the received energy flux spectrum as:a function of range, shot size,

depth, etc. ‘Knowing:.the source énergy flux spectrum at 1 m, range{Weston),

the transmissionloss-is calculated. Sinceé the received sighal varies in

1
e v




time and frequency in a complex fashion because .of source and modal in~
terference effects, the peak envelope method of analysis'was used in:much
of thisrwork. A smooth curve was fitted to-the "average" spectral peaks
so as to eliminate mode and bubble pulse modulation: fi‘hj,s is-the salid
curve seen in Figuré 4. In another techniqie, logit filters:were used! and
the total (integrated) energy flux spectrum levels calculated. The two

methods were found to be-.in quite reasonable agreement.

2.3 Experimental/Results {General)

The pertinent data for the-ahalyzed shots areé contained in Table I,
Each record is identified both serially and with the notation of the origi-

nal experiment log.

Figure 5 shows’typical graphic recordings.made.at ARLIS II iFom
shots-of several sizes.detonated at T-3. .All were at; 120 meters.dépth.
-excepi the 3751b. shot, whiCh was fired at 100 meters. The travel tirhe:
éo;re§pgn&»jng to termination.of the water wave is.563-sec. Eor.a souvnd
speed of ¥438 m/sec, the calculated range is'810 km, ‘ag;;e‘éfirgg with the
navigational value within a few km. It should be noted‘that the receiving
system gain was adjusted to compensate for source léevel changes. The
time-dispersion varies between 6. 6 and 7. 1 .seconds,. indreasing with shot.
size. For the smaller shots, the complexity of the ‘beginning of-the water
wave is particularly noticeable. Thig is due to contribuiioiis from several
modes as well as from interfefence of the bub\ble#pgisi;, vf‘or the larger

shots; the spectral energy is concentrated at lowex irequencies, -the rela~

tive excitation of higher frequencies is less-and.the bubble. puise freqiency

is lower: Sourcé interference effects persisting thriughout thé éntire train

are clearly evident.

= P _ _ L L R e~

i

[R—

-

ke §
ey

[P

J
3
)

«
¢

§ i

I

Qv

atl




e ta PR ST e A -

o gl A

ST AN s T A R e

v

SR

Figare ‘6 shows Missilyzer recordings ofstwo typical shots, Note
that the lowest:( zero) mode begins near 10:Hz and iricreases with time to
about 70 Hz at termination. The first modal harmonic is visible through-
cut the trace, wiliile the second. aﬁd higher modes vanish soon.after the be-
ginniixg of the wave, Bubble pulse interference &ffects are evident from
the-ainplitude ‘modulation of the mode lines at multiples of the bubble pulse

frequency. Normal mode theory is discussed in.Section 2, 5.

‘The-received:signals characteristically have an abrupt "bre‘gix'mi‘hg.agd
end with.a duration:proportional te travel time. Figuri 7 contains a piot
«of time duration (dispersion}s. travel tine-for some fifty shots, -detonated
undér various conditions and times during the experimental program. The
‘data :show a mean time dispersion ;.‘atip of slightly more-than 1%. Tha fac-
tors goveirgfing~ onset and termination of the-water wave are discusséd else-

where;

wigure 8 givVes a’'typical sound-velocity ’grofﬂe for summer conditionsg:
The two major -zones-of ‘interest.are the deep water isothermal gradient be-
_ginrii‘pg,neai; 300 meters an&’tzhé«bﬁer‘l’yiﬁg layer of some 3 or 4 times greater
average gradient. In the upper zone, there’is some detailed structure-which
depends on scason. ‘

Table II contdins ray caléulations for t‘ae‘-velocit)k profile of Figure 8

(see Section 2. 5). It is notable that the time dispérsion corresponds to

ray depths.-less than 1500 meters and surface grazing angles léss than 13°
Since-the minimum water depths for some of the experimental paths were
in excess of 2000 meters (Figures 9~11), it is clear that the onset of the
wave train is not always governed by the bottom, If‘this is frue, the on-
-set must be limited by t}i‘é‘ surface reflection coefficiént of the ice cover,

which apparently diminishes rapidly for grazing angles greater than 13°

.
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Figures 12a, b show Missilyzer traces.ior thé propagation path.proe-.

files of Figures lia, c. Inllc, an-underwatéer obstacle {the Chukchi Rise)

shadows all rays deeper thancﬂﬁoﬁ‘zmeterq,» leaving only one second of'the
dispersion pattern remaining. The deep water duration-is in excess of ten

seconds.

‘Under some circumstances, ithe bottom reflection mode is received
along with the/RSR mode: 'jle_\t}/;i’a»gé‘._se\thc:dﬁset ‘corresponds-to a group
velocity maximum. This effect is séen in Figure 13a which is a recording
of a shot dropped from-anjaircraft and received 57Z seconds-later. The
fitst hundred kilometers of the propajdtion path were iz shoaling water (10a)
and gave rise to.more than twenty identifiable bottom arrivals which/obscure
the RSR mode, Figure 13b i another shot at almost the same range but re-
ceived some 20 minutes-later. Thé boitom topography (10b)has. changéd,

80 that an dbstacle intervenes and citsout the bottom mode complétely:

2.4 Transmission Loss{Experimentaii)-

Figure 14 shows a.ftyi:’iéa’lk’éhergy‘ flux vs.frequericy ép’eétru‘m (»L )
measured as described in ‘Section 2.2, Transinission loss Vs, rahge data
for all shots {computed:from the relation. NV/ = ‘Lﬁs‘ - Li‘\)’are shown: in
Figures 15 through 27. "The: source levél spectrum at 1 meter, Lr’ ‘was
‘taken from Westorn for the -appropriate yield, cosrected {where pogsible)
by the bubble-pulse-permd-VS-depth method mennoned earlier. It should
be nuted that Weston!s shot spectra. account for b\:bb]' ‘pulse interference
only at :tbe fundamental frequency, while-the true sp,ec_:tra,wsho&vs maxima
and minima over many harmonics. Thus, the Weston spéctrum.represents.
a qua.si~envelope of the a,q_ffi;éﬁl one { Pigure 28).. The nafrow band analysis
me%hod used here clearly*shoWs.t-hese and -other interferences and an en~

velope was driwn similar to Westonls t8:average them out.
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The transmission loss-Gatd show:onsiderdble scatter which is.

{0 ‘taken.to represent'the combined effects of variations in the transmission

path and'ice cover, as:well as experimental error. Some of the short

i range levels are considerably higher than predicted for the half channel
! :and. are interpreted as possible results of Conviergence. This effect is

4llustrated in Figire 29-a, b where arrivals from #8 caps at two different

TSI,

e ranges are showi, The first at 1 km shows only a discrete arrival fol~
i‘ow'ed by -a Bog:‘tqg'm“ reflection. The second at 5'km also apparertly shows
-a-delayed convergence arrival for which the level is about 20 dB ‘higher
/ than the.direct arrival. Buck® has also sbserved high signal levels at

short range which may ‘be ascribed to convergeiice.
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Milne!s’ trursmission losses outito 90'km have been included in

T
e -
-

— s
-

the figures for .comparison. These theasurements were.madé in the spring

and may represent-differencés in‘the ice condition-or a change in.the re=~
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‘The théoretical transmisgsion loass curves are discussed inSection:

IR TS
N oLy
.
B

2.-6. The curve iS1]s, the surface scattering model representing the '"aver=

ag

g age" loes for a.léng transmission path, The curve 'A% is absorption loss
only-and rgpg‘esvegglts;é lower limit for short range where no surface reflec-

tiong are involved;

Various ‘factors.may be.responsibie for thé transmission loss "anoma-
lieg';., For eigample, in deep water the eafly:arrivgis may dominate and the
htgh Irégugggy; lotgs may be low because:the number of.reflections. is dess.
Thus t_hg transmission loss dt;pends on the bottom topography as well as the

condition:of the surface and'the sound velocity profiie,

However, the scatter of thetransniission loss.data is évidently not due
to short‘term changés in the medium, which, infact, is remarkably stable.

Figure 30 thows a séries of T.lb. shots at 30 meters depth received over

i T m
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an 800 kilometer path. The two hydrophonés (a; b) were 1 k m.apart and
the time between Shots was 2 hours., The similarities indicate both space

and time stability of the acoustic path.

2.5 Normal Mode and Ray Theoriﬁeg_B

To illustrate the connection between normal mode and ray theories,.
we consider firct a single positive ;gradient defined by c, =Co 1+ gz<) 90
where c, is the depth dependent -sound velocity, g is the velocity gradient
(m” %), ¢ is the sound velocity; (ims” "Yat the pressure release surfdce

and z is the depth{m}. The resulting separated equation for thé-depth

.dependent portion of the vélocity potential is-then approrimately .givéen by:

?

¢§§ + Lp = O (1)

2
" , _ ¢ 2(‘)2 , = /3 ; 2" 2
Where g = (- —co—,é- ). \£.(D_2 - kz - 21&01’_21]4 (2)

Co ~ Co

Here, & i$ the angular frequency (s™ 1y, and K is the wavenurhber (m™*)
The eigenfunctions of Equation( V) are modified Hankel functions of order
Y, . n{g) and.h, (£) represent "downward" and "'\up'v(ia;rg‘l" going
waves. For our purposes we consider only hy( { ). The eigenvalues are

:obtained. from-the zevoes which haverthe argument 7/ (Figure 31).

Thus, for the pressuyre release surface, the first: mode ¢ = 0,

z =0, n =1 is identified as point (2}, while the curve to the right repré~

:sents the de,pth/freq\;encyxdependence which increases to its maximum and

then decays. exponéntially. -Similarly, the ~éu:vg-t0'the~r.,i_ght of point.(b)}

represents the second mode n = 2,
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Good approximation of the zeroes of h; are given by

3
xf/2 = 3—;— {n-=) n=123 (2)

ablo-t

where x = {{(z =0}, From this, the phase velocity of the nt mode

becomes 2

c =L1:‘— = °6;( 1+4 \[—3—11'-‘(‘—‘;%5—(11--})]/3) (4)

n

.and the group velocity, u is obtainéd from the relation

dc
. n

{5)

u = c + o ~
n n dw

Subétituting f = —— ., the final result is:

S °°-(.”‘L‘ [258 (- 1] ”

: n} ) (6)
The frequency~time behavior-of.a wave received at a distant sur-

face point.from a 'surfa,ce impulsive source is simply th'e*z‘zequexicy-rigode

number components-deldyed aécording to.the appiopriite value of the

group velocity.

T« compare ray theory, the familiar‘equations for the positive
gradient g is:

2 8in 8
g cos9y

(7)

To

where r, is the horizontal distance betwsen surface reflections and 6

is-the grazing angle, Also,

9
2 _de -2 9y 2 )
fo = <o cos 8 =  cog ( S+ 3 (8)
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